Adjustment of cerebral blood flow (CBF) to neuronal activity via neurovascular coupling (NVC) plays an important role in the maintenance of healthy cognitive function. Strong evidence demonstrates that age-related cerebromicrovascular endothelial dysfunction and consequential impairment of NVC responses contribute importantly to cognitive decline. Recent studies demonstrate that NAD + availability decreases with age in the vasculature and that supplemental NAD + precursors can ameliorate cerebrovascular dysfunction, rescuing NVC responses and improving cognitive performance in aged mice. The mechanisms underlying the age-related decline in [NAD + ] in cells of the neurovascular unit are likely multifaceted and may include increased utilization of NAD + by activated poly (ADP-ribose) polymerase (PARP-1). The present study was designed to test the hypothesis that inhibition of PARP-1 activity may confer protective effects on neurovascular function in aging, similar to the recently demonstrated protective effects of treatment with the NAD+ precursor nicotinamide mononucleotide (NMN). To test this hypothesis, 24-month-old C57BL/ 6 mice were treated with PJ-34, a potent PARP inhibitor, for 2 weeks. NVC was assessed by measuring CBF responses (laser speckle contrast imaging) in the somatosensory whisker barrel cortex evoked by contralateral whisker stimulation. We found that NVC responses were significantly impaired in aged mice. Treatment with PJ-34 improved NVC responses by increasing endothelial NO-mediated vasodilation, which was associated with significantly improved spatial working memory. PJ-34 treatment also improved endotheliumdependent acetylcholine-induced relaxation of aorta rings. Thus, PARP-1 activation, likely by decreasing NAD + availability, contributes to age-related endothelial dysfunction and neurovascular uncoupling, exacerbating cognitive decline. The cerebromicrovascular protective effects of pharmacological inhibition of PARP-1 highlight the preventive and therapeutic potential of treatments that restore NAD+ homeostasis as effective interventions in patients at risk for vascular cognitive impairment (VCI).
Introduction
There is growing evidence that micro-vascular contributions to cognitive impairment and dementia (VCID) play a critical role in elderly individuals (Tarantini et al. 2017a ). Proper brain homeostasis requires an adequate, highly-controlled and uninterrupted supply of oxygen and nutrients to match neuronal energetic demand. Cerebral blood flow (CBF), which represents 15% of cardiac output, must continuously and dynamically be adjusted due to brain's limited energy reserves and shifting energy requirements. During periods of intense neuronal activity there is a need for rapid adjustment of regional oxygen and glucose delivery to metabolic demand through spatially localized adaptive increases in CBF. This is ensured by an evolutionarily conserved physiological homeostatic mechanism known as neurovascular coupling (NVC) or functional hyperemia (Tarantini et al. 2017a (Tarantini et al. , 2018 Ungvari et al. 2017) . The cellular mechanisms of NVC include release of vasodilator NO from the microvascular endothelium, in response to increased neuronal and astrocytic activation (Toth et al. 2014 (Toth et al. , 2015a . Translational studies show that endothelial function and NVC responses are compromised both in elderly subjects (Zaletel et al. 2005; Topcuoglu et al. 2009; Stefanova et al. 2013; Fabiani et al. 2013; Lipecz et al. 2019 ) and aged laboratory animals, which importantly contribute to the age-related decline in higher cortical function (Tarantini et al. 2018 (Tarantini et al. , 2017a . Experimental studies provide further evidence that inhibition of NO-mediated NVC responses in mice is associated with impaired cognitive performance (Tarantini et al. 2015 (Tarantini et al. , 2017b . Recent studies demonstrate that interventions that improve endothelial function and NVC responses exert protective effects on cognition in mouse models of aging (Tarantini et al. 2018 . Understanding the cellular and molecular mechanisms underlying microvascular aging will enable the development of novel, clinically translatable interventions for restoration of neurovascular function and improvement of cerebral blood supply to prevent development and delay progression of vascular cognitive impairment.
Pre-clinical studies show that cellular NAD + levels decline in old age in multiple tissues and that treatment with NAD + precursors can ameliorate many age-related cellular impairments Kiss et al. 2019; Yoshino et al. 2018; Kim et al. 2019; Mills et al. 2016; Gomes et al. 2013) . We have recently shown that a decrease in NAD + availability with age also plays a critical role in impaired NVC responses in aged mice Csiszar et al. 2019) . NAD + is a rate-limiting co-substrate for sirtuin enzymes (including SIRT-1 (Csiszar et al. 2008a (Csiszar et al. , 2009 ), which are key regulators of endothelial function, cellular energetics and mitochondrial production of reactive oxygen species (ROS) Kiss et al. 2019; Gomes et al. 2013; Csiszar et al. 2019; Bonkowski and Sinclair 2016; Das et al. 2018; Schultz and Sinclair 2016) . The mechanisms responsible for endothelial NAD + deficiency in vascular aging are likely multifaceted and may include increased activation of NAD + utilizing poly (ADP-ribose) polymerase (PARPs, including PARP-1) enzymes . PARP-1 is a constitutive factor of the DNA damage surveillance network, which is activated upon oxidative/nitrative stress-induced DNA damage in aged cells. PARP-1 cleaves NAD + and transfers the resulting ADP-ribose moiety onto target nuclear proteins and onto subsequent polymers of ADP-ribose, depleting cellular NAD + pools in the process. Importantly, genetic depletion (Bai et al. 2011 ) and/or pharmacological inhibition of PARP-1 were shown to increase tissue NAD + levels in rodent models of accelerated aging. Pharmacological inhibition of PARP-1 also improves endothelial function in large arteries of aged rodents (Pacher et al. 2002a (Pacher et al. , b, 2004 .
The present study was designed to test the hypothesis that chronic inhibition of PARP-1 can improve cerebromicrovascular endothelial function and thereby rescue neurovascular coupling responses in aged mice. To achieve this goal, aged mice were treated with PJ-34, a potent PARP-1 inhibitor, for 2 weeks. Mice were behaviorally evaluated and functional tests for endothelial NO-mediated NVC responses were performed. To substantiate the in vivo findings the effects of PJ-34 on endothelium-dependent vasorelaxation were obtained in vitro in isolated aortic ring preparations.
Methods

Animals, PJ-34 treatment
Young (3 months, n = 20) and aged (24 months, n = 40) male C57BL/6 mice were purchased from the aging colony maintained by the National Institute on Aging at Charles River Laboratories (Wilmington, MA). Animals were housed under specific pathogen-free barrier conditions in the Rodent Barrier Facility at University of Oklahoma Health Sciences Center under a controlled photoperiod (12 h light/12 h dark) with unlimited access to water and were fed a standard AIN-93G diet (ad libitum). Mice in the aged cohort were assigned to two groups (n = 20 each group). One group of the aged mice received a daily dose of the potent PARP inhibitor PJ-34 (10 mg/kg/day, i.p., for 14 days from Cayman Chemical Ann Arbor, MI, USA). All procedures were approved by the Institutional Animal Use and Care Committees of the University of Oklahoma Health Sciences Center.
Behavioral studies
Previous studies suggest that alterations of neurovascular coupling responses associate with changes in cognition [12] . Thus, after the treatment period spatial memory and long-term memory was tested using the radial arms water maze as reported (Tarantini et al. 2018 Ungvari et al. 2017) . In brief, the maze consisted of eight arms 9 cm wide that radiated out from an open central area, with a submerged escape platform located at the end of one of the arms. Paint was added into the water to make it opaque. The maze was surrounded by privacy blinds with extramaze visual cues. Intramaze visual cues were placed at the end of the arms. The mice were monitored by a video tracking system directly above the maze as they waded and parameters were measured using Ethovision software Noldus Information Technology Inc., Leesburg, VA, USA). Experimenters were unaware of the experimental conditions of the mice at the time of testing. During the learning period each day, mice were given the opportunity to learn the location of the submerged platform during two sessions each consisting of four consecutive acquisition trials. On each trial, the mouse was started in one arm not containing the platform and allowed to wade for up to 1 mi to find the escape platform. All mice spent 30 s on the platform following each trial before beginning the next trial. The platform was located in the same arm on each trial. Over the 3 days of training, mice in the young control group gradually improved performance as they learned the procedural aspects of the task. Upon entering an incorrect arm (all four paws within the distal half of the arm) or failing to select an arm after 15 s, the mouse was charged an error. Learning capability was assessed by comparing performance on days 2 and 3 of the learning period. A fourth trial, the probe trial, was conducted 7 days after the last learning trial to asses long-term memory retention. The reversal trials were carried out the following day by replacing the hidden platform in another arm while the errors were continuously assessed as during the learning phase. The reversal trials are a shorter version of the learning task which is performed after the animals have become proficient with the task and aims to evaluate the ability of each mouse to extinguish and re-learn the correct escape platform location.
Measurement of neurovascular coupling responses
After behavioral testing, mice in each group were anesthetized with isoflurane (4% induction and 1% maintenance), endotracheally intubated and ventilated (MousVent G500; Kent Scientific Co, Torrington, CT, USA). A thermostatic heating pad (Kent Scientific Co, Torrington, CT, USA) was used to maintain rectal temperature at 37°C [6] . End-tidal CO 2 was controlled between 3.2% and 3.7% to keep blood gas values within the physiological range, as described (Tarantini et al. 2015; Toth et al. 2015b ). The right femoral artery was cannulated for arterial blood pressure measurement (Living Systems Instrumentations, Burlington, VT, USA) (Toth et al. 2014) . The blood pressure was within the physiological range throughout the experiments (90-110 mmHg). Mice were immobilized and placed on a stereotaxic frame (Leica Microsystems, Buffalo Grove, IL, USA), the scalp and periosteum were pulled aside and the skull was gently thinned using a dental drill while cooled with dripping buffer. A laser speckle contrast imager (Perimed, Järfälla, Sweden) was placed 10 cm above the thinned skull, and to achieve the highest CBF response the right whiskers were stimulated for 30 s at 10 Hz from side to side (Tarantini et al. 2018) . Differential perfusion maps of the brain surface were captured. Changes in CBF were assessed above the left barrel cortex in six trials in each group, separated by 5-10 min intervals. To assess the role of NO mediation, CBF responses to whisker stimulation were repeated 15 min after intravenous administration of the nitric oxide synthase inhibitor N ω -Nitro-L-arginine methyl ester (L-NAME). Changes in CBF were averaged and expressed as percent (%) increase from the baseline value (Kazama et al. 2004 ). All reagents used in this study were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise indicated.
Assessment of endothelial function in the aorta
To assess the specific effect of PJ-34 treatment on endothelial function, endothelium-dependent vasorelaxation was assessed in isolated aorta ring preparations as described previously (Csiszar et al. 2009; Bailey-Downs et al. 2012; Csiszar et al. 2008b; Pearson et al. 2008; Horvath et al. 2005) . In brief, aortas were cut into ring segments 1.5 mm in length and mounted in myographs chambers (Danish Myo Technology A/S, Inc., Denmark) for measurement of isometric tension.
The chambers were filled with Krebs buffer solution (118 mM NaCl, 4.7 mM KCl, 1.5 mM CaCl 2 , 25 mM NaHCO 3 , 1.1 mM MgSO 4 , 1.2 mM KH 2 PO 4 , and 5.6 mM glucose; at 37°C; gassed with 95% air and 5% CO 2 ). After an equilibration period of 1 h during which an optimal passive tension was applied to the rings (as determined from the vascular length-tension relationship), they were pre-contracted with 10 −6 M phenylephrine and relaxation in response to acetylcholine was measured in the absence and presence of the NO synthase inhibitor L-NAME (3 × 10 −4 mol/L).
Statistical analysis
Statistical analysis was carried out by one-way ANOVA followed by Tukey's post hoc test, as appropriate. Doseresponse curves for vascular relaxations were analyzed by two-way ANOVA for repeated measures followed by Bonferroni multiple comparison test. A p value less than 0.05 was considered statistically significant. Data are expressed as mean ± S.E.M.
Results
PJ-34 treatment rescues NVC responses in aged mice by restoring endothelial NO mediation NVC responses measured in the somatosensory whisker barrel cortex elicited by contralateral whisker stimulation were significantly decreased in 24-month-old mice compared to young animals indicating impaired functional hyperemia in old age ( Fig. 1) (Park et al. 2007 ). Two-week treatment with PJ-34 significantly increased CBF responses induced by contralateral whisker stimulation in aged mice, restoring NVC to levels observed in young mice (Fig. 1 ). There is strong experimental evidence, obtained using both pharmacological inhibitors and genetically modified animals, that NO production by the microvascular endothelium plays a critical role in NVC responses and that cerebromicrovascular endothelial dysfunction significantly contributes to age-related neurovascular dysfunction (Toth et al. 2014 (Toth et al. , 2015a . Accordingly, in untreated aged animals, administration of the NO synthase inhibitor L-NAME was without effect, whereas in young mice, it significantly decreased NVC responses, eliminating the differences between the age groups (Fig. 1c) . In PJ-34-treated aged mice, L-NAME significantly decreased CBF responses elicited by whisker stimulation (Fig. 1c ), suggesting that PARP-1 inhibition improves NO mediation of NVC responses in aged animals.
Our results show that treatment with PJ-34 treatment also restores acetylcholine-induced, endotheliumdependent relaxation of aged mouse aortas (Fig. 2) , extending previous findings obtained with a structurally different PARP inhibitor (Pacher et al. 2004 ). To assess the role of endothelium-derived NO, L-NAME was applied. L-NAME abolished acetylcholine-induced vasorelaxation, eliminating the differences between the three groups (data not shown). These finding provide additional evidence that PARP inhibition significantly improves endothelial function by restoring endothelial NO mediation in aged vessels.
Restoration of cerebromicrovascular function is associated with improved cognitive function in aged mice treated with PJ-34
Experimental studies provide proof-of-concept that pharmacologically induced neurovascular uncoupling is associated with detectable cognitive impairment (Tarantini et al. 2015) . To determine how rescue of cerebromicrovascular function by PJ-34 treatment impacts cognitive performance in aged mice, animals were tested in the radial arms water maze (Fig. 3) . We compared the learning performance of mice in each experimental group by analyzing the day-to-day changes in the combined error rate and successful escape rate. During acquisition, or learning phase, mice from all groups showed a decrease in the combined error rate (Fig. 3b ) across days, indicating improved proficiency at the task. After the first day of learning, young mice consistently had lower combined error rate than aged mice (Fig. 3b ). PJ-34 treatment resulted in statistically significant improvement in cognitive performance during the learning phase as compared to aged animals. In the probe trial, error rates did not differ from that of the respective last trial of the learning phase in any of the groups. During the reversal trials, young and treated aged mice performed significantly better at re-learning the task compared to aged control animals.
Successful escape rate from the maze was assessed by measuring the percent of animals that could find the hidden platform within the 60 s allowed for each trial. During acquisition, mice from all groups showed an increase in successful escape rate consistent with the Fig. 2 Treatment with PJ-34 improves NO-mediated, endothelium-dependent vasorelaxation in aged mice. Shown are acetylcholine (ACh)-induced relaxations in the absence and presence of the NO synthase inhibitor L-NAME (3 × 10 −4 mol/L) in aortic ring preparations isolated from young (4 months old), aged (24 months old), and PJ-34-treated aged mice. Age-related declines in endothelial function were reversed by PJ-34 treatment. Data are mean ± S.E.M. (n = 5-8 for each data point).*P < 0.05 vs. young; # P < 0.05 vs. aged Fig. 3 Treatment of aged mice with the potent PARP-1 inhibitor PJ-34 associates with improved radial-arm water maze (RAWM) performance. a Heatmap representing the percentage of time spent in different locations in the maze for a randomly selected animal from each group during experimental day 3. b Older animals have higher combined error rates throughout the learning phase and probe day 10 (P < 0.0001). c Older animals are significantly less successful at solving the RAWM as compared to young mice. In contrast, aged mice treated with PJ-34 perform this task significantly better than untreated aged mice during the reversal phase (P < 0.01). d PJ-34 treatment did not affect the time spent engaged in non-exploratory behavior in old mice as compared to old control animals. (P < 0.0001). e There was no significant difference in swimming speed with PJ-34 treatment. n = 20 in each group. All data are shown as mean ± SEM. Statistical significance was calculated using one-way ANOVA with Tukey's post hoc test to determine differences among groups. f Scheme depicting the proposed cellular mechanisms by which PARP-1 inhibition improves endothelial function in aged mice learning of the task. Young mice exhibited significantly better escape success than untreated aged mice (Fig. 3c ). Performance of aged mice treated with PJ-34 was statistically identical to young mice in successful escape rate during the retrieval (day 10) and reversal phase (day 11).
The analyses of non-cognitive parameters revealed a slight age-related decline in swimming speed and an age-dependent increase in non-exploratory behavior (the cumulative time the mice spent not actively looking for the platform, e.g., floating), which were unaffected by PJ-34 treatment (Fig. 3d, e ).
Discussion
The key finding of his study is that chronic treatment with the PARP inhibitor PJ-34 improves endothelial function, NVC responses and cognitive function in a mouse model of aging that recapitulates key aspects of cerebromicrovascular dysfunction and deficits of higher brain function manifested in elderly patients.
There is strong evidence that aging is associated with increased oxidative stress-mediated PARP-1 activation in multiple tissues, including the vasculature (Pacher et al. 2002a (Pacher et al. , 2004 Braidy et al. 2011; Jagtap and Szabo 2005; Massudi et al. 2012) . Our findings that PJ-34 improves endothelium-mediated NVC responses and endothelium-dependent aorta relaxation in aged mice suggest that age-related PARP-1 overactivation is causally linked to generalized endothelial dysfunction, extending the results of previous investigations in aged rats (Pacher et al. 2004) . Importantly, increased oxidative stress-mediated PARP-1 activation associated with accelerated vascular aging in diabetes mellitus (Soriano et al. 2001; Szabo et al. 2002) has also been causally linked to generalized endothelial dysfunction.
The mechanisms by which PARP-1 overactivation leads to endothelial dysfunction likely involve NAD+ depletion. PARP-1 is a critical NAD+ utilizing enzyme: it cleaves NAD+ and transfers the resulting ADP-ribose moiety onto target proteins and onto subsequent polymers of ADP-ribose. NAD+ depletion is known to impair the activity of sirtuins, which are known to confer multifaceted endothelial protective effects (e.g., regulation of eNOS activity, mitochondrial function and mitochondrial-free radical production, NADPH oxidase activity). Thus, we posit that PJ-34 treatment restores cellular NAD+ levels in the aged vasculature, promoting sirtuin-mediated endothelial protective effects. Indirect support for this hypothesis is provided by recent observations that restoration of cellular NAD+ levels by treatment with the NAD+ precursor nicotinamide mononucleotide (NMN) confers significant endothelial protective effects, including restoration of endotheliummediated NVC responses and improvement of endothelium-dependent vasorelaxation in the cerebral microvessels and the aorta Kiss et al. 2019) . Additional evidence in support of this concept comes from the observations that chronic NMN treatment also improves NO release from aged cerebromicrovascular endothelial cells in vitro in a SIRT-1-dependent manner . Further studies are evidently needed to demonstrate the direct effects of chronic treatment with PJ-34 and/or other PARP inhibitors on vascular PARP-1 and SIRT-1 activity and endothelial NAD+ levels. Additional mechanisms contributing to age-related decline in NAD+ in endothelial cells may include downregulation of nicotinamide phosphoribosyltransferase (NAMPT; which catalyzes the first rate-limiting step in the biosynthesis of NAD + ) ). Thus, it is possible that combination treatments that simultaneously increase NAD+ production and inhibit its degradation may offer additional benefits for endothelial and neurovascular protection. It should be also noted that PARP-1 activation may also regulate vascular gene transcription through mechanisms independent of SIRT-1 activation, including epigenetic modifications and interactions with and modification of transcription factors (e.g., NF-κB). Thus, combination treatments inhibiting PARP-1 and boosting NAD+ levels may harness both the power of the anti-aging SIRT-1 pathway and the antiinflammatory effects mediated by reduced NF-κB activation. These combination treatments can likely have clinical significance beyond restoration of NVC responses, potentially exerting multifaceted protective effects both on the cerebral microvasculature and physiological function of other cell types in the brain, including neurons, astrocytes, and microglia. As several classes of PARP inhibitors move towards clinical development, or have already entered clinical trials, we expect that in the upcoming few years, clinical proof of PARP inhibitors' vasoprotective and neuroprotective effect in older individuals will be obtained.
There is a growing evidence from clinical (Sorond et al. 2013; Sorond et al. 2011 ) and experimental (Tarantini et al. 2015) studies that impairment of NVC responses contributes to the age-related decline in higher cortical functions. Thus, elucidating the mechanisms by which aging impairs cerebromicrovascular endothelial function and NVC responses is critical for the development of effective therapies for prevention of vascular cognitive impairment. Restoration of this key homeostatic mechanism matching energy supply with the needs of active neuronal tissue is expected to exert beneficial effects on brain function in aging. The present study is the first to demonstrate that improvement of NVC responses in PJ-34 treated aged mice associates with improvement of hippocampal encoded functions of learning and memory. Similar trends for improved cognitive function have been observed recently in aged mice treated with NMN 2 and the mitochondriatargeted antioxidative peptide SS-31 (Tarantini et al. 2018) . Future studies should determine whether the effects of combination treatment with PARP inhibitors, NAD+ boosters, and antioxidants are additive.
In conclusion, our findings show that PJ-34 treatment exerts significant cerebromicrovascular protective effects in aged mice by improving endothelial function and increasing NVC responses, which likely contribute to the observed significant cognitive benefit (Fig. 3F) . Our model predicts that (1) aging is associated with PARP-1 overactivation that leads to increased NAD+ utilization and (2) that PJ-34 increases cellular NAD+ levels available for sirtuins by attenuating its utilization by PARP-1. We posit that the resulting increase in SIRT-1 activity attenuates endothelial oxidative stress, increase eNOS activity, and improves endothelial function, rescuing endothelium-dependent NVC responses in the aged cortex (Fig. 3f) . The model predicts that increased DNA damage induced by age-related increases in reactive oxygen species is the underlying cause for PARP-1 overactivation. If this is indeed the case, it is predicted that anti-aging interventions that delay aging processes (e.g., rapamycin, endocrine factors) upregulate DNA repair mechanisms and/or attenuate oxidative stress will exert significant protective effects on this pathway Ashpole et al. 2017; Deepa et al. 2017; Fang et al. 2017; Podlutsky et al. 2017; Unnikrishnan et al. 2017; Nacarelli et al. 2018; Reglodi et al. 2018) . Importantly, NVC is compromised both in patients with Alzheimer's disease (AD) and in mouse models of AD, which is believed to accelerate clinical deterioration (Tarantini et al. 2017a, c) . Thus, our findings are likely relevant to the treatment of AD in elderly patients as well. Important in that regard is that PARP-1 inhibitors were also reported to restore cellular energetics in neurons and inhibit neuroinflammation in animal models of AD (Martire et al. 2016; Martire et al. 2015; Abeti and Duchen 2012) .
